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Abstract—A method has been developed for detecting and imaging the relative “stiffness,” or elasticity of
tissues. Externally applied vibration at low frequencies (10-1000 Hz) is used to induce oscillations within soft .
tissues, and the motion is detected by Doppler ultrasound. The results are displayed in a format resembling

conventional Doppler color flow mapping, and are termed “sonoelasticity images.” Preliminary experiments
indicate that these novel images may be useful for detecting hard tumors in the prostate, liver, breast, and other

organs.
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INTRODUCTION

Physicians have traditionally detected cancers by pal-
pation which identifies abnormal regions of increased
stiffness (elasticity, or hardness). The approach is
currently limited to only those tumors which are ac-
cessible to palpation, and little quantitative data on
tissue elastic properties exist. Gray scale ultrasound is
insensitive to stiffness as an imaging parameter and
often fails to reveal the full extent or existence of
tumors which, upon pathologic examination are
found to be palpably more stiff than surrounding,
normal tissues.

Since not all lesions are amenable to palpation, a
sensitive and objective method for imaging abnormal
regional elasticity may improve detection of carci-
noma and other disease processes such as liver fi-
brosis. We report progress on our preliminary experi-
ence with a method to incorporate tissue stiffness
features into ultrasound images (‘‘sonoelasticity’)
(Lerner and Parker 1987, 1988). The approach com-
bines external mechanical stimulation of target tis-
sues with Doppler ultrasound to map the relative tis-
sue motion. The concept is that stiff tissues will re-
spond differently to an applied mechanical vibration
than normal tissues. :

Recently, improved imaging has been accom-
plished by the application of a high resolution color
Doppler ultrasound instrument as the vibration de-
tector and display unit, rather than off-line computer
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reconstruction of range-gated Doppler data as was
shown in our previous work (Lerner and Parker
1987). In this report, we present preliminary data on
phantoms and excised specimens demonstrating this
capability. -

The application of a color Doppler blood flow
instrument has theoretical limitations. Therefore,
basic theory is presented as background to guide the
interpretations of these preliminary results.

The mathematical treatment of Doppler shifts
from time varying surfaces and objects in an inho-
mogeneous or layered medium is quite complex. The
derivations involve linear and nonlinear terms, and
are the subject of some controversy (Piquette et al.
1988; Censor 1988). A detailed analysis is beyond the
scope of this paper, and may not be necessary for
clinical interpretation of “sonoelasticity” images.
The next section proceeds with simplifying assump-
tions to outline some fundamentals which are experi-
mentally observed.

THEORY

Vibrating target in quiescent, homogeneous medium

The most important result of the simplified case
is that the detected Doppler shift from sinusoidally
vibrating objects is generally given by a Fourier-Bes-
sel series of equally spaced harmonics above and
below the Doppler carrier frequency (Holen et al.
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1985). The detected signal is analogous to the FM
broadcast spectrum of a pure tone.

To demonstrate this, we assume the signal back-
scattered from a stationary target insonified by an
ultrasound signal at frequency wy is given by:

s(t) = A cos[wot]. (1)

In the case of a target, vibrating with velocity v(¢)
= v,, cos(w, 1) the instantaneous frequency of the re-
ceived signal is assumed to be:

wo + Aw,,cos(wy t) 2)

where w; is low frequency of the applied vibration
(typically 20-1000 Hz), and Aw,, is the maximum
Doppler frequency shift, given by the well known
Doppler equations:

_ 20,,w0c0s 0
c

Awy, 3)

and where cos 6 is the angle between the vibration
vector and the direction of insonification, and c is the
speed of sound in the medium. For convenience, we
assume the vibration is in the line with the Doppler
insonification, and replace the cos 6 term with unity.
Thus the received signal can be written:

Awy,
s(t) = A cos| wot + t

sin(wy f)| . 4)
wr,

The instantaneous frequency of this expression, by
definition the time derivative of the term in brackets,
is thereby given by eqn (2). The cosine of a sine term
can be represented by a trigonometric identity, so eqn
(4) has a Fourier-Bessel series representation. The
harmonics appear at +Nw;, where N = 1, 2, 3- - -,
The harmonic amplitudes are given by (Carlson
1986):

s(t)y=A4 % Ju(B)cos(wot + nwit) &)

Aw,, 20,w
B = = ZZm*0 (6)
wr wy C

where J,(8) is the Bessel function of the first kind of
integer order #.

Since the tissue vibration velocity is the temporal de-
rivative of displacement e(¢) = ¢, sin(w.f), then v,
= w; €, and the parameter § is directly related to
tissue displacement as follows:

_ 2€mwo
C

B (7)
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In sonoelasticity imaging, the vibration velocity, the
displacement, or 3 (all linearly proportional) may be
measured and displayed as a function of Positiop
within tissues in order to detect regions of abnormg)
stiffness.

An important special case occurs when a very
low frequency vibration is applied. Then a slowly
varying single frequency Doppler shift may be o,
served on time-frequency displays as a sine wave iy.
stead of the theoretical Fourier-Bessel series resy]t.
This effect has been well demonstrated (Holen et 5]
1985; Lerner and Parker 1988). Another important
special case is that of inhomogeneous layered tissues,
with different boundary vibration velocities at each
interface. The topic is complex and has been consid-
ered elsewhere (Hermand et al. 1988) but the impor-
tant theoretical result is that the measured Doppler
shift from a deep region of interest may be influenced
by vibrations in overlying tissues. The clinical appli-
cation of this remains to be investigated in depth.

The estimation problem

We assume that range gated Doppler ultrasound
from some region of interest produces a Fourier-Bes-
sel series harmonic spectrum of the type indicated in
eqns (5) and (6), with a typical example shown in Fig.
1. The task is to estimate the apparent velocity v,,,
given a speed of sound and known ultrasound carrier
frequency wp and vibrational frequency w; . Note that
Aw,, (and therefore v,,) cannot be directly estimated
from the observed harmonics, since the relationship
between these is complicated (eqns 5 and 6), and one
will only observe harmonics down to the instrument
dependent electronic noise floor. Thus, a noisy and
arbitrarily band limited or amplitude limited har-
monic series must be used to determine 38, and then
Aw,,, and v,,.

The parameter 3 can be estimated by comparing
the theoretical ratios of Bessel functions with the
measured ratios of the amplitudes of the maximum
and the second-maximum harmonics. This is likely
to be more noise insensitive than the method of Va-
makoshi et al. (1988) which compares first, second,
and third (not necessarily the maximum) harmonics.
Alternatively, the bandwidth of a tone-modulated
FM signal can be approximated as 28w, (Carlson
1986). A problem with this simple approach is that
the use depends on the instrument noise threshold
and one’s definition of “bandwidth.” It is clear that
new estimation algorithms will be required to accu-
rately portray vibrations over an image field.

Although vibration produces a spectrum with
zero mean Doppler shift, the color flow instrumerts
generally display significant, non-zero mean Doppler
shift due to the finite number of samples used n
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Fig. 1. Theoretical frequency domain representation of FM Doppler signal from 200 Hz vibrating target of with

peak displacement of 0.1 mm, assuming an ultrasound carrier frequency of 7.5 MHz. The magnitude and

spacing of harmonics follow a Fourier-Bessel series relation. In this case, the FM parameter £, is 6.28. Linear
scale is shown in (a), log scale in (b).



234 Ultrasound in Medicine and Biology

estimation algorithms. Thus, although conventional
Doppler flow mapping instruments are not optimized
for the task of detecting vibrations, they can be uti-
lized in a threshold sense as described in the next
section.

METHODS

Phantoms were constructed to simulate hard
and soft tissues. The phantoms were block shaped
and were 5 to 10 cm on edge. The hard or stiff tumors
were constructed from 3% agar, plus 1% gelatin in
distilled water, with from 0.1% to 3% barium sulphate
added for backscatter. Soft tissues were made from
1% agar, 1.5% gelatin with 1% barium sulphate mixed
at 50°-70° C and degassed by vacuum during cooling
and solidification. Elasticity was measured by a com-
pression technique described in the companion paper
(Parker et al. 1990). It was found that the stiff mate-
rial had approximately five times the modulus of elas-
ticity compared to the soft material. These phantom
materials, and a rabbit liver containing VX2 carci-
noma, and a prostate specimen from autopsy con-
taining benign prostatic hyperplasia were examined
in vitro. They were placed between anechoic gel pads
with the low frequency acoustic vibration source
placed below the lower gel pad and the color Doppler
detector placed on the upper gel pad.

Vibrations were coupled to the specimens using
an acoustic horn capable of output in the 20-1000
HZ audio band. A hard plastic cone (tapered down to
a 4 mm opening) was coupled by light pressure to the
base of phantoms or gel pads. At these low frequen-
cies, the acoustic wave lengths are on the order of
many centimeters and therefore, the source geometry
should radiate as a point. Less than 10 watts electrical
power was input to the acoustic source at all time,
and the resulting vibrational amplitude at the point of
contact was estimated, by observing the Fourier-Bes-
sel spectra, to be less than 0.1 mm peak displacement
at 200 Hz.

Images were made using a color Doppler instru-
ment (Quantum, QADI) at 7.5 MHz. This instru-
ment was adjusted to display vibration in a threshold
mode. Either blue or red (motion direction toward or
away) indicated regions where the vibrational ampli-
tude exceeded some threshold dictated by the gain
(signal level) and Doppler threshold controls. The
presence or absence of color was not dependant on
B-scan reflectivity over a reasonable (greater than 30
dB) range. Thus, crude sonoelasticity images were
obtained where presence of color.indicated detected
vibration above a combination of frequency shift
(number of harmonics) and magnitude. In the results
section red or white color represents the detection of
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at least one harmonic of 200 Hz vibration, at least |(
dB above noise floor. When vibration below thregh.
old was present the instrument displayed only cop,.
ventional gray scale information.

RESULTS

Sonoelasticity parameter estimation

Figure 1 shows a simulated typical spectrum of
the received signal with the Bessel harmonics spaceq
200 Hz apart, and 8 = 6.28. Figure 2(a) is simulateq
time-frequency display for constant frequency It
= 200 Hz, varying the vibration amplitude ¢,, = 0.03
to 0.3 mm, left to center, then decreasing again tq
0.03 mm center to right. Aliasing or foldover effects
can be seen in the center region. These can be com-
pared with the experimental results in Fig. 2(b) where
the vibration amplitude was varied in approximately
the same range. The number of significant Bessel
harmonics increases as the vibration amplitude in-
creases. Figure 3(a) is a simulated time-frequency
display for constant amplitude ¢,, = 0.1 mm, varying
the vibration frequency f; = 100 Hz to 300 Hz left to

1=200Hz Dspl=.03-,3-,03mm FFT=0-1966Hz

Fig. 2. Time-frequency display of the Doppler shift from
200 Hz vibration over a range of displacement amplitudes.
Theoretical results are shown in (a) where the vertical scale
is Doppler shift from 0 to 1966 Hz, and the horizontal sczle
represents different displacement amplitudes from 0.03
mm (left) to 0.3 mm (center) to 0.03 (right). In these cases
the FM modulation parameter, (8, varies from approxi-
mately 2 left to 19 center. In (b), experimental results from
the Quantum QADI in Spectrum mode are given from 2
region of interest near a 200 Hz vibration source at “A,”
while the amplitude is varied from low to high to low (left to
right on time-frequency display at bottom). The verticz!
spectral scale is —1967 to +1966 Hz Doppler shift.

(b)
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#=100-300-106Hz2, Dspl=. lmm, FFT=8-1388H2

()

Fig. 3. Time-frequency display of the Doppler shift from a
constant displacement but variable frequency object with
an FM modulation parameter of 8 = 6.28. (a) Theoretical
predictions for 0-1966 Hz Doppler shift (vertical scale),
with vibrations ranging linearly from 100 Hz (left) to 300
Hz (center) and to 100 Hz (right). (b) A region near the
acoustic vibration source analyzed as the source was slowly
changed from 100 to 300 Hz. Since the horn could not
maintain constant vibration amplitude over these frequen-
cies, the number of harmonics shown is not constant, but
the spacing between harmonics was observed to change
proportional to vibration frequency.

center, then decreasing again to 100 Hz center to
right. The spacing between harmonics increases as
the vibration frequency increases, and aliasing is seen
when harmonics occur at greater than the fold over
frequency, 1966 Hz is this case. The experimental
results in Fig. 3(b) show the results of varying vibra-
tion frequency, although we could not maintain con-
stant amplitude over the range of frequencies, and
this is manifested as the appearance of harmonics
above display threshold.

Sonoelasticity imaging of phantoms and tissue

In Figs. 4-9 the imaging transducer is located at
the top of the frame, and the vibration source at 200
Hz is applied through a plastic window to the bottom
of the sample. Figures 4a and 4b show that in a ho-
mogeneous phantom, as the source amplitude is in-
creased the color Doppler image fills-in from bottom
to top in a reasonably homogeneous fashion. In con-
trast, Fig. 5(a) shows a hyperechoic, stiff wedge region
embedded in a soft tissue phantom. When optimal
vibration is applied, a clearly demarked color-free re-
gion corresponding to the stiff wedge is shown (Fig.
5b). In real-time the discrimination between regions

Fig. 4. Sonoelasticity image showing color “fill-in” over the
B-scan image of a homogeneous phantom. In (a) the 200
Hz vibration source (at bottom) was at low amplitude, in
(b) the source was increased by a factor of 5. The “fill-in”
expanded upward with increasing source amplitude in a
smooth fashion in the homogenous phantom.

is even more apparent, since the color within the stiff
“tumor” appear randomly, whereas the fill in of sur-
rounding soft tissues is consistent on a frame-to-
frame basis. (Red color overlay appears as neutral
gray blocks in the reproductions.)

An example using a cylindrical “stiff” hy-
perechoic region is shown in cross section where the
Doppler fill-in is random and sporadic (on a frame by
frame basis) within the “tumor,” but consistent and
more uniform in the surrounding soft material (Fig.
6). A number of tests on hypoechoic stiff regions pro-
duced similar results, thus the Doppler detection and
fill-in is not related to backscatter strength over a
wide range of target echogenicity.

Figure 7(a) shows a rabbit liver in vitro contain-
ing 2 cm VX2 tumor. The liver is sandwiched be-
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(b)

Fig. 5. Image of a “soft” phantom containing a “stiff” wedge. (a) Conventional B-scan image. (b) Sonoelasticity
image exhibiting Doppler fill-in of regions in which vibration is detected. The detected vibration outlines the soft
medium but not the stiff “tumor.”
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Fig. 6. Images of a soft phantom containing a cylindrical “hard tumor.” (a) B-scan image of hyperechoic
cylindrical (cross section) at mid-left. (b) Sonoelasticity image shows vibration localized in the soft medium.

tween anechoic stand-off pads. Hypoechoic necrotic vibrational amplitudes. Note the fill-in of surrounc-
areas were surrounded by palpably stiff perimeters. ing tissue and between stiff perimeters. Again, in
Figure 7(b) shows the Doppler color image at modest real-time the frame-by-frame color consistency (ot
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(@) (b)

Fig. 7. Images of rabbit liver (in vitro) containing VX2 tumor (1.5 cm). (a) B-scan image shows the tumor
periphery is nearly isoechoic with the normal liver parenchyma (extreme right and left). (b) Sonoelasticity image
shows fill-in occurs in all regions except for the stiff tumor periphery and the necrotic areas.

(b)

Fig. 9. One quadrant images in transverse cross-section of an autopsy prostate specimen from an 80 year old male

with benign prostatic hypertrophy. (a) B-scan image shows the inner gland (slightly hypoechoic lower central

right) and peripheral zone (bottom left to top left and towards top right). (b) the sonoelasticity image shows
demarcation of zones with greater vibration detected in the peripheral zone.

lack thereof in tumor perimeters) added to the dis- The cone of the acoustic vibration source can be seen
crimination between regions. near the bottom of the image. The vibration source
und- . Figure 8(a) shows a smaller VX2 tumor (than in on low amplitude in Figure 8(b) and higher in Fig.
1, in ; Fig. 7a), with no necrotic area and nearly isoechoic 8(c), gives progressive color fill-in, representing de-

7 (or 1 speckle compared to the surrounding rabbit liver. tection of vibrations above a fixed threshold. Note
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that the tumor region is the last to fill-in. In this case,
the sonoelasticity image compared favorably to the
location and extent of the palpably stiff region.

One quadrant of an in-vitro B-scan image of a
whole prostate autopsy specimen from an 80-year-
old male with benign prostatic hypertrophy is shown
in Fig. 9(a). The sonoelasticity image, Fig. 9(b) dem-
onstrates higher vibration in the perpheral zone than
in the inner gland (lower-right) region of benign hy-
pertrophy. This points to the need of further under-
standing of how source and object geometry, stiffness
and boundary conditions all interact to produce a
sonoelasticity image.

DISCUSSION

The idea of characterizing tissue from motion or
mechanical response is not new but has had only
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Fig. 8. Images of rabbit liver (in vitro) containing VX2
tumor (7 mm) with no necrotic area and nearly isoechoic
with surrounding rabbit liver tissue. (a) The B-scan image
shows the 190 Hz vibration source at bottom, and the
tumor location indicated by the label. (b) With the source
on low amplitude, the tumor region has minimal fill-in. (c)
With source amplitude increased by a factor of 2, greater fill
in of detected vibration occurs, but not the central tumor.
The stiffness effect is perhaps aided by desmoplastic reac-
tions in the surrounding tissues.

limited evaluation (Dickenson and Hill 1982; Ei-
sensher et al. 1983; Gore et al. 1979; Rockoff et al.
1978; Tristam et al. 1986, 1988; Wilson and Robin-
son 1982). Ultrascund detection schemes have uti-

lized correlations between A-lines to detect motion of

cardiovascular origin, and visual analysis of M-mode
waveforms have been performed to detect motion for
a 1.5 Hz external vibration source. These techniques
have not reached clinical maturity because of a num-
ber of difficulties. The A-line or M-Mode techniques
rely primarily on echoes from speckle regions, with
few discrete specular reflections available to demon-
strate motion unequivocally. The changes in speckle
pattern resulting from motion of the sample volumes
are complex and can be difficult to interpret. The
correlations may suffer from patient motion caused
by respiration and other body movements. The use of
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. cardiovascular pulses to. generate internal motion is

problematic because the ““source function,” the radial
expansion of arteries, is not a controllable parameter
in terms of vibration rate and displacement profile

- applied to the target tissue.

In comparison, the approach embodied in the
present research employs a variable frequency, exter-
nal, vibration source and incorporates color coded
Doppler ultrasound to detect the periodic move-
ments of tissues. The use of Doppler and applied vi-
brations to characterize tissue elasticity has been in-
dependently explored by Levinson and colleagues
(Levinson 1987; Kroukop et al. 1987) and Yamako-
shi et al. (1988). The advantages of our technique
derive from the known frequency of the applied stim-
ulus, which can be used in estimation algorithms to
reject other forms of motion such as respiration. Also,
since the Doppler signal is capable of resolving small
(tens of microns) oscillations, the response of deep
tissues can be measured. Furthermore, the vibration
frequency can be adjusted to take advantages of the
low frequency properties of tumors and tissues
(Parker et al. 1990).

As a result of these advantages, the combined
external vibration and Doppler ultrasound detection
approach appears to be the leading candidate for
imaging the relative elastic properties of discrete re-
gions of tissue, which may facilitate detection of
tumors and other focal abnormalities in soft tissue.

Major unanswered questions remain concerning
the best method for estimating local vibration ampli-
tudes from the observed harmonics. More knowledge
of the mechanical properties of normal and patholog-
ical tissues is required, along with optimization of the
vibrational source in order to discriminate between
layered, soft tissues, and hard inclusions.
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